Function, structure, and stability are strongly coupled in obligated oligomers, such as triosephosphate isomerase (TIM). However, little is known about how this coupling evolved. To address this question, five ancestral TIMs (ancTIMs) in the opisthokont lineage were inferred. The encoded proteins were purified and characterized, and spectroscopic and hydrodynamic analysis indicated that all are folded dimers. The catalytic efficiency of ancTIMs is very high and all dissociate into inactive and partially unfolded monomers. The placement of catalytic residues in the three-dimensional structure, as well as the enthalpydriven binding signature of the oldest ancestor (TIM63) resemble extant TIMs. Although TIM63 dimers dissociate more readily than do extant TIMs, calorimetric data show that the free ancestral subunits are folded to a greater extent than their extant counterparts are, suggesting that full catalytic proficiency was established in the dimer before the stability of the isolated monomer eroded. Notably, the low association energy in ancTIMs is compensated for by a high activation barrier, and by a significant shift in the dimer-monomer equilibrium induced by ligand binding. Our results indicate that before the animal and fungi lineages diverged, TIM was an obligated oligomer with substrate binding properties and catalytic efficiency that resemble that of extant TIMs. Therefore, TIM function and association have been strongly coupled at least for the last third of biological evolution on earth.
Function, structure, and stability are strongly coupled in obligated oligomers, such as triosephosphate isomerase (TIM). However, little is known about how this coupling evolved. To address this question, five ancestral TIMs (ancTIMs) in the opisthokont lineage were inferred. The encoded proteins were purified and characterized, and spectroscopic and hydrodynamic analysis indicated that all are folded dimers. The catalytic efficiency of ancTIMs is very high and all dissociate into inactive and partially unfolded monomers. The placement of catalytic residues in the three-dimensional structure, as well as the enthalpydriven binding signature of the oldest ancestor (TIM63) resemble extant TIMs. Although TIM63 dimers dissociate more readily than do extant TIMs, calorimetric data show that the free ancestral subunits are folded to a greater extent than their extant counterparts are, suggesting that full catalytic proficiency was established in the dimer before the stability of the isolated monomer eroded. Notably, the low association energy in ancTIMs is compensated for by a high activation barrier, and by a significant shift in the dimer-monomer equilibrium induced by ligand binding. Our results indicate that before the animal and fungi lineages diverged, TIM was an obligated oligomer with substrate binding properties and catalytic efficiency that resemble that of extant TIMs. Therefore, TIM function and association have been strongly coupled at least for the last third of biological evolution on earth.
Introduction
The structural diversity observed in proteins results from different amino acid sequences that have evolved during the last 4.5 Giga years (Gyr). Although the theoretical sequence space is astronomically big, only a tiny fraction is used by naturally occurring proteins. Methodologies that allow the exploration of sequence space include protein design and evolution, consensus approaches and ancestral sequence reconstruction (ASR) [1] [2] [3] . ASR is a powerful methodology that enables the study of protein structure, stability and function evolution by using extant sequences and phylogenetic analysis to infer the sequence of ancestral proteins [4, 5] . The characterization of ancestral reconstructed proteins has been used to study the evolution of a fold [6, 7] , functional properties [8] [9] [10] [11] , catalytic mechanisms [12] , oligomerization [13] and also to infer the conditions of primitive earth [14] [15] [16] .
The triosephosphate isomerase (TIM)-barrel or (b/ a) 8 -barrel fold is one of the oldest [17] , most abundant, as well as catalytically diverse topologies found in the Protein Data Bank (PDB, www.rcsb.org [18] ) [19, 20] . The reconstruction and characterization of HisF, a TIM-barrel protein, have shown that the synchronized and sequential folding mechanism of this enzyme is conserved throughout evolution [7] and a further study suggests that substrate channeling and allosteric communication were already established in enzyme complexes from the paleoarchean era [12] . Here we focus on the evolution of a homooligomeric TIM barrel, the ubiquitous glycolytic enzyme TIM. TIM catalyzes the interconversion of D-glyceraldehyde-3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP) at a rate limited solely by the diffusion of the substrate into the active site [21] . The mechanism of this 'perfect catalyst' involves a flexible loop that sequesters the substrate from the solvent, as well as a phosphate grip that provides substantial stabilization of the transition state [22, 23] . Despite the fact that each subunit contains all catalytic residues, TIM function is deeply affected by oligomerization; all the wildtype TIMs so far studied, including representatives from Eukarya, Bacteria and Archaea, are biologically active and stable only as oligomers. Most of the TIMs so far characterized are dimeric, the exception being some tetramers found in Archaea [24, 25] and in the bifunctional phosphoglycerate kinase-TIM fusion protein from an hyperthermophilic bacteria [26] . Dimeric wild-type TIMs dissociate by dilution into inactive monomers [27] . In addition, kinetic and equilibrium monomeric folding intermediates, as well as monomers induced by mutations at the interface, are generally inactive and partially unstructured [27] [28] [29] , although for some monomeric mutants native-like secondary structures has been reported [30, 31] . Careful analysis of the oligomerization state has shown that the substrate induces dimerization in monomeric mutants [31] , and thus the activity of engineered monomeric TIMs is at best three orders of magnitude lower than in the native dimer [30] . The facts described above indicate that association induces significant folding of secondary and tertiary structures in the monomer, as well as the fine placement of the catalytic residues in a competent state.
The coupling between association, stability and catalysis in TIM has been previously addressed by studying extant enzymes from a variety of sources, using site directed mutagenesis, computational design, directed evolution and consensus design [32] [33] [34] . In this work, we addressed the evolution of this coupling by ASR. Only some extant bacterial TIMs have been characterized in detail [32] and archaeal TIMs are shorter than those from the other domains and show changes in the oligomerization state [24, 25] . In order to increase the confidence of the reconstruction process and to compare the results obtained with those previously reported for extant TIMs, we decided to focus on eukaryotic TIMs. The oldest ancestor reconstructed in this work is a well-folded and fully active dimer that dissociates with a low association constant into inactive but structured monomers. Furthermore, ligand binding strongly stabilizes the dimeric state. Our results suggest that diffusion-limited catalysis and the coupling between association, function and stability were already established before the diversification of opisthokonts and that extant TIMs evolved from more structured but less cohesive monomers.
Results

Ancestral reconstruction
A multiple sequence alignment was constructed using TIM coding sequences of eukaryotic organisms present in both the Ciccarelli et al. and Lutzoni et al. phylogenies [35, 36] (see Table S1 for a list of the sequences used and Fig. 1A for a representation of the phylogenetic topology), ancestral sequences were inferred using maximum likelihood (see Materials and methods for details). Ancient TIM nodes that included sequences from plants and protists showed a lower marginal posterior probability of reconstruction than those of the animal and fungi kingdoms, which are well represented in the phylogenetic tree (Fig. 1A,B) . In order to pursue the highest confidence in the reconstruction process, we focused on the ancestral sequences with the highest reconstruction likelihood and selected five inferred ancestral eukaryotic TIM nodes for further characterization: the last common ancestor of the Opisthokonta lineage (TIM63), two ancestors of animals (TIM64 and TIM65) and two of fungi (TIM86 and TIM87) (Fig. 1A) . All of these sequences showed a high reconstruction likelihood (> 0.8) for a high number of sites (> 60%) that resulted in a mean posterior probability of reconstruction between 0.88 and 0.97 (Fig. 1B) . Indels were addressed manually, according to their presence on the parental nodes (see Materials and methods for details of the reconstruction protocol), and localized mainly in sites that align with the loops connecting helices to strands and in the C-termini of ahelices (Fig. S1 ), i.e. the non-catalytic side of the barrel A B Fig. 1 . Phylogenetic reconstruction of ancTIMs. (A) Representation of the phylogenetic topology for the 44 eukaryotes used in the reconstruction of ancTIMs, the tree was retrieved manually using MACCLADE 4.0 [78] , based on the phylogenetic trees reported in [35] and [36] . Unabbreviated names of the species and database codes are presented in Table S1 . Black lines show the external group used for the tree rooting. Asterisks represent nodes whose TIM sequences have the necessary residues in order to form eight salt bridges in the interface of the dimer; the rest may only form four. (B) Frequency of marginal posterior probability of reconstruction per site in reconstructed nodes. Numbers correspond to nodes in A.
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The FEBS Journal 286 (2019) 882-900 ª 2018 Federation of European Biochemical Societies (see below). Throughout this work, the TIM from Saccharomyces cerevisiae (ScTIM) was selected as a reference for comparison, because its function, structure, folding, stability and catalytic mechanism have been thoroughly characterized [22, 29, 33, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . All ancTIMs selected for experimental characterization possess the conserved catalytic triad (K12, H95 and E165 in ScTIM, corresponding to K14, H107 and E182 in the multiple alignment shown in Fig. S1 ), as well as the highly conserved sequence in the catalytic loop 6 observed in all extant TIMs (residues 180-190 in Fig. S1 ).
Spectroscopic characterization of ancTIMs
The five ancTIMs were successfully overexpressed as soluble proteins and purified to homogeneity with high yields. The far-UV circular dichroism (CD) spectra of ancTIMs closely resemble that of ScTIM and display the typical maximum at 190 nm and minima at 220 and 210 nm observed in folded b/a proteins ( Fig. 2A) . The secondary structure content obtained from the deconvolution of these spectra is similar to that calculated from the crystallographic structure of ScTIM (Table 1 ). In addition, the maximal emission wavelength (k max ) of the intrinsic fluorescence spectra from ancTIMs indicates that tryptophan residues are buried from the solvent due to the presence of tertiary structure (Fig. 2B ).
Association and catalysis in ancTIMs
Size-exclusion chromatography (SEC) experiments of ancTIMs carried out at a protein concentration of 30 lM, showed symmetric peaks whose elution volumes correspond to the expected Stokes radii (R S ) for a compact dimer (Fig. 2C , Table 1 ). The elution volume of TIM63 was slightly higher than those observed in the other ancTIMs and shifted to higher elution volumes when protein concentration was decreased, indicating the coexistence of dimers and monomers in solution (Fig. 2D ). All the ancTIMs characterized in this work follow Michaelis-Menten kinetics ( Table 1 ). In all wild-type TIM so far studied and for most of the ancTIMs described in this work, the traces observed during activity measurements are linear (see Materials and methods); nevertheless, at low substrate and protein concentrations we observed a time-dependent decrease of the activity traces in TIM63 assays (data not shown). Inactivation during activity measurements has been ascribed to a low association energy [27] . AncTIMs are completely inactivated by dilution, indicating that active dimers dissociate into inactive monomers (Fig. 3B ). The decrease in activity upon dilution described by an equilibrium dissociation model (Eqn 3, see Materials and methods) predicts a change in the fraction of active molecules from 0.9 to 0.1 in a span of 2.86 decimal logarithmic units in the protein concentration scale [56] ; however, the decrease in activity observed in the four more recent ancestors (TIM64, TIM65, TIM86 and TIM87) is much steeper (Fig. 3B ). This behavior is commonly observed in dissociation by dilution of extant eukaryotic TIMs [57, 58] most likely due to the occurrence of an irreversible step in the process, probably related to conformational changes in the dissociated monomers that render them prone to aggregation, the so called 'conformational drift' [56] . In contrast to the other ancTIMs, TIM63, like bacterial TIMs, follows the inactivation trend predicted by the equilibrium model and dissociates at similar protein concentrations (Table 1 , [32] ). In addition, since diluted and inactivated TIM63 is able to regain its original catalytic activity after concentration (open symbol in Fig. 3B ), its association/dissociation is a reversible process. Reversibility has rarely been observed in extant TIMs and is likely related to the properties of the dissociated monomers. Regardless of protein concentration, fluorescence spectra of TIM63 show a very similar k max (data not shown), which indicates that the monomers do not suffer drastic changes in the exposure of aromatic residues upon dissociation. In accordance, the R S of TIM63 obtained by SEC experiments carried out at low protein concentration, i.e. when the protein is mainly in the monomeric state, is 25
A: the value expected for a compact monomeric TIM [59] (Fig. 2D ).
Thermodynamic characterization of dissociation and unfolding
When the CD signal of ancTIMs were recorded as a function of temperature, cooperative and monophasic transitions were observed (Fig. 3C ). Thermal unfolding was irreversible, the CD signals observed in native ancTIMs ( Fig. 2A) were not recovered after cooling the samples to room temperature because of irreversible aggregation, evidenced as turbidity (data not shown). TIM65 exhibits the lowest melting temperature (T m ), close to those observed for EhTIM and extant animal TIMs. Noteworthy, TIM65 shows the highest catalytic efficiency, even higher than that of ScTIM ( Table 1) , showing that a high catalytic activity is not linked to high thermostability, in fact, there seems to be a negative correlation between activity and stability ( Table 1 ). All other ancTIMs, including TIM63, show a high T m (Table 1) , the average (65.9 AE 0.3°C) being higher than the T m values of 19 out of the 22 extant TIMs so far reported [32] .
Since TIM63 presents a reversible dissociation process by dilution at 25°C, its dissociation energetics was characterized by isothermal dissociation calorimetry (IDC) at relatively mild temperatures (25-50°C) ( Fig. 4A,B ). This situation allowed avoiding the irreversible reactions observed at high temperatures. The enthalpy change upon dimer dissociation (DH diss ) is slightly exothermic at 25°C and increasingly endothermic at higher temperatures. In contrast, the entropic term (TDS diss ) favors association at low temperatures and promotes dissociation at increasing temperatures. The heat capacity changes estimated (DCp diss ) from the temperature dependence of DH diss or TDS diss are very similar to each other (2092 AE 122 and 2100 AE 138 cal mol À1 ÁK
À1
, respectively) (Fig. 4B ). All TIM63 endotherms obtained by differential scanning calorimetry (DSC) at different protein concentration and/or scan rate present a single transition that was not recovered in a second scan (Fig. 4C,D ) [28, 60] . Thus, although the association energy in the oldest ancestor, i.e. TIM63, seems to be lower than those of extant TIMs, the activation energy is the highest so far reported; this is in agreement with the proposal that protein kinetic stability is more strongly selected by evolution than thermodynamic stability [61] .
Crystal structure of TIM63
To correlate the thermodynamic information obtained for the dissociation process with the structural characteristics of TIM63, the crystal structure of this ancTIM was solved. Crystallization trials were assayed in a variety of experimental conditions. Crystals of the apoenzyme were obtained but were not suitable for further processing. The only successful condition for TIM63 crystallization and structure solving was in the presence of the transition stateanalog phosphoglycolohidroxamic acid (PGH) (see Materials and methods). The structure was determined at 1.9 A resolution (see Table S2 for data collection and refinement statistics). In agreement with CD data, the secondary structure content of TIM63 and ScTIM is very similar ( Table 1 ). The TIM-barrel topology and the orientation of the monomers in the dimer are also conserved in both proteins, as reflected by an RMSD of 0. 68 A for C-a atoms (Fig. 5A) . Depiction of the reconstruction likelihood of all the sites in TIM63 on the crystallographic structure (Fig. 5B) shows that those with a low posterior reconstruction probability map to solvent-exposed regions of the barrel, far away from the dimer interface or the active site of the enzyme (Fig. 5B) , therefore decreasing the probability that the general properties of the reconstructed enzyme are affected. The (b/a) 8 -barrel architecture of the monomer is conserved in TIM63, including a salt bridge (R189-D225 in ScTIM, R206-D242 in the multiple alignment shown in Fig. S1 ) [49, 62] , important for monomer folding kinetics that anchors the C-terminal (b/a) [7] [8] module of the barrel (Fig. 5A) . A comparison of TIM63 structure with those of various extant eukaryotic TIM structures shows no significant differences in the number of residues that constitute the interface, in the changes of the total and interface accessible surface areas (ASA tot and DASAdiss, respectively) or in the fraction of the total area change exposed upon dimer dissociation (DASA diss / DASA tot ). However, the polar contribution to the interface is slightly lower in TIM63 (Table S3 ). The number of interface water molecules or hydrogen bonds observed in TIM63 is similar to those found in extant TIMs (Table S3) . Available TIM structures in the PDB can be divided into two groups depending on the number of salt bridges at the interface, either four or eight. The residues required to form the first four salt bridges (E77 and R98 in ScTIM, E89 and R110 in the multiple alignment shown in Fig. S1 ) [27, 63, 64] ) are conserved among eukaryotes and therefore present in the structures of TIM63 and ScTIM (Fig. 5A) . The other residues (K17 and D48 in ScTIM, K19 and D56 in the multiple alignment shown in Fig. S1 ) are only present in a reduced group of structures and are conserved in specific groups of the phylogenetic tree (asterisks in Fig. 1, see Fig. 5A ). TIM65 and TIM87 are the only resurrected ancestral TIMs that have all four residues necessary to form the eight salt bridges, however, the protein concentration required for the inactivation of half of the population (K 0.5 ) (Fig. 3B) is not smaller than those for other ancTIMs. Furthermore, TIM65 shows the lower T m of them all. Hence, there appears to be no direct correlation between the presence of these additional interface salt bridges and the K 0.5 or the melting temperature (Table 1) . Likewise, the structure of TIM63-PGH complex shows no clear structural reason for the low association energy between TIM63 monomers. Unfortunately, as mentioned above, TIM63 crystals in the absence of PGH were unsuitable for structure determination. The underlying reason could be the coexistence of dimers and monomers in solution.
Structural thermodynamics of PGH binding
In the TIM63-PGH structure the catalytic loop ba6 was found in the closed conformation, PGH is shielded from the solvent and the three catalytic residues are oriented for catalysis just as in the ScTIM-PGH complex [43] (Fig. 6A) . In fact, the 15 hydrogen bonds between PGH and ScTIM (four of them mediated by water molecules) are conserved in the TIM63 structure. PGH-binding energetics to TIM63 were determined by isothermal titration calorimetry (ITC) (Fig. 6B) . Binding data were fitted to a model that incorporates the equilibrium constant and enthalpy changes due to monomer association (see Materials and methods). The stoichiometry obtained for ligand binding from data fitting is 0.70. Although this value may reflect errors in the measurement of protein and PGH concentrations, it is too far from the expected value of 1 suggesting that a significant fraction of the monomers is not associated at equilibrium, i.e. binding-competent dimers and binding-incompetent monomers are present in the protein sample at 25°C before PGH is titrated in the ITC experiment.
The thermodynamic binding signature for both TIM63 and ScTIM describes an enthalpy-driven process (Fig. 6C) . The exothermic contribution in TIM63 is slightly bigger than in ScTIM, whereas the magnitude of the free energy of binding (DG b ) is slightly lower in the former (À5.61 AE 0.09 and À7.15 AE 0.03 kcalÁmol À1 , respectively).
PGH induced association of TIM63
Two key findings suggest that ligand binding has an important effect on TIM63 dimerization: (a) inactivation during catalytic measurements was observed only at low substrate concentration and (b) crystals suitable for structure determination could not be obtained in absence of PGH. It is likely that without ligand both monomers and dimers coexist in equilibrium in solution and that this non-homogeneous population does not favor the crystallization process. In order to quantify the stabilization imparted by the ligand, DSC experiments were performed in the absence and presence of PGH. For comparison, a similar experiment was carried out with ScTIM. In the absence of PGH ScTIM and TIM63 show similar T 1/2 values, however, DH tot is slightly higher in the former (Fig. 7A) . In the presence of PGH, the T 1/2 for ScTIM unfolding is shifted toward higher temperatures whereas that of TIM63 does not change; nevertheless, the presence of PGH induces a noticeable increase in DH tot for both proteins (Fig. 7A) . The unfolding enthalpy for the TIM-PGH complex is expected to be higher than that of the empty enzyme because it should account for both the unfolding of the enzyme and the release of the inhibitor (DH obs = DH tot À DH b ). ). This difference in enthalpy change arises from the simultaneous occurrence of ligand-binding and protein folding/association.
Discussion
Structural thermodynamics of the dissociation process
Analysis of the X-ray structures of TIMs shows that on average the DASA related to dissociation is 15% of the total ASA change (Table S3 ). Due to the linear relation between DASA and DH or DCp expressed in parametric equations [65] , a rigid-body dissociation process would predict a dissociation enthalpy much lower than the unfolding enthalpy (orange bars in Fig. 7B ). In contrast, the experimental enthalpy changes that accompany dissociation are much higher (purple bars in Fig. 7B) ); parametric equations applied to this value suggest that 106 residues become solvent-exposed on each monomer upon EhTIM dissociation [28] . In contrast, the 3D structures of EhTIM and TIM63 indicate that 36-44 residues would become solvent-exposed in a rigid-body dissociation. This indicates that the conformational changes that accompany the dissociation of the TIM63 dimer are less extensive than those occurring during EhTIM dissociation.
The calculated enthalpy change upon monomer unfolding for TIM63 (DH unf = 47.6 kcalÁmol À1 ) is similar to that calculated for EhTIM (59.6 kcalÁmol
À1
), but much lower than the DH unf estimated from parametric equations based on the theoretical exposure to the solvent of 207 residues (148.7 kcalÁmol À1 ) (Fig. 7B) . This indicates that the dissociated TIM63 and EhTIM monomers are less folded than the monomer in the dimer.
The fact that the parametric DH diss (DH diss (p)) is smaller than the experimental DH diss and that the parametric DH Unf (DH Unf (p)) is bigger than the DH Unf calculated from experimental data for both TIM63 and EhTIM suggests that the dissociation of TIM63, as well as that of extant TIMs is not a rigid-body [52].
process, i.e. dimer dissociation is coupled to partial monomer unfolding. Parametric equations based on structural data predict DH diss to be smaller than DH Unf (DH diss (p)/DH unf (p) = 0.20); in contrast, the ratio observed for TIM63 is 1.58. This value is smaller than the one obtained for EhTIM (2.46), thus confirming that the conformational changes that follow dimer dissociation are less extensive in TIM63 than in EhTIM.
Thermodynamic stability and the consensus effect
The sequences obtained by ASR are phylogenetic inferences, as such, rather than producing a single reconstruction of the ancestral sequence this tool provides representative pictures in the statistical ensemble of ancestral sequences [3] . The extent to which the inferred functional, structural or thermodynamic properties of resurrected proteins are robust to uncertainty is an important issue of ASR that was recognized long ago [66] and is currently a foregoing topic of research [67] . In this respect, a recent survey of several protein families showed that although the precise values of quantitative parameters may vary, the qualitative functions of reconstructed proteins seem to be robust to the inherent uncertainty of the process [68] . Trudeau et al. questioned the high stability observed in the inferred mammalian ancestor of the serum paraoxonase. This enzyme exhibits a melting temperature 30°C higher than the one from the extant human version; however, the environmental temperature at the time of the emergence of mammals is assumed to be similar to the present one. The authors therefore proposed that besides environmental temperature, other factors such as a less efficient quality control systems, a higher rate of mutations and errors in transcription and translation might favor the presence of ancestral stable proteins. In addition, ancestral stability might be overestimated due to the replacement of aminoacids that are 'rare' in the extant sequences by the consensus aminoacid, the so called 'consensus effect' [69] . Neverthelss, in an oligomeric protein the size of TIM the effect of consensus mutations in stability is complex. For example, while both a 'consensus' and a 'curated consensus' TIM show a biphasic melting pattern with the first T m similar to that of ScTIM [34] , a mutant containing 14 mutations, each one found to stabilize TIM independently, is in fact destabilized. Furthermore, a mutant with a T m 8 degrees higher than the one of ScTIM was constructed using a conservation-correlation algorithm [70] . In our case, most of the ancestral TIMs show a T m % 7°C higher than that of ScTIM whereas TIM65 shows a T m 5°C lower (see Table 1 ). All in all, although it is difficult to evaluate, it is unlikely that the observed T m values are 'contaminated' by the consensus effect. Taken the above into consideration, one of the most interesting findings of the present work is the inferred higher stability and reversibility in the folding/unfolding of the TIM monomer. Given that monomers of eukaryotic extant TIMs are unstable and their unfolding is , samples were incubated with 5 mM PGH for 24 h before conducting the experiment. Scan rate was 1. irreversible, it is unlikely that these characteristics arose from a consensus effect.
'Perfect' catalysis and early coupling of activity and association throughout evolution
Triosephosphate isomerase was the first documented example of a 'perfect enzyme' [21] . The prevalence of high catalytic efficiencies (i.e. k cat /K M 10 7 -10
) in all the extant TIMs studied to date, suggest that this high efficiency should have been present very early in the evolution of TIM and has been maintained since then. In agreement, all the ancTIMs studied in this work show catalytic efficiency values in the diffusionlimit range. Regarding the coupling of activity and dissociation, all extant TIMs are obligated oligomers, monomers are inactive and unstable whereas dimers are active and stable. Although all the ancTIMs studied in this work are obligated dimers, we found several pieces of evidence that suggest that the stability and structural integrity of the ancestral monomers was higher than in extant TIM monomers. Numerical simulations on the activity as a function of protein concentration suggest that if the dimer is the only catalytically active state, there is no selective pressure to maintain stable monomers [29] . Since we obtained no evidence for active ancTIM monomers, we suggest that full catalytic proficiency was stablished in the dimer before the stability of the isolated monomer eroded.
All data discussed above indicate that the catalytic efficiency, thermodynamic properties and fine structure of the active site of TIM were already established before the diversification of opisthokonts. While the average k cat /K M found in all classes of extant enzymes is % 10 5 M
À1 Ás
À1 [71] , TIMs in the opisthokont lineage show catalytic efficiency values close to the diffusion limit. Since experimental evidence obtained with extant and resurrected enzymes shows that catalytic activity erodes when it is not under selection [72] , the results presented in this work strongly suggest that TIM catalysis has remained at a rate close to the diffusion limit since the divergence of opisthokonts and that its activity has been under selection ever since. Furthermore, genetic selection experiments have shown that the deletion of an enzyme from an organism results in the replacement by other enzymes with lower efficiency. For TIM deficiency the rescuing enzyme is a dehydrogenase with a k cat /K M~1 0
M
À1
Ás À1 [73] . Since the magnitude of this value is higher than those reported for other rescuing enzymes [72] , the high catalytic efficiency found in TIM must be crucial for organismal fitness. Although the underlying reason for maintaining such a high catalytic efficiency is still unknown, the results obtained here suggest that the role of TIM has been essential in the central metabolism at least for the last 1.36 Gyr.
Materials and methods
All reagents were of the highest purity available from Sigma-Aldrich (St. Louis, MO, USA) except glycerol-3-phosphate-dehydrogenase that was from Roche (Basel, Switzerland). PGH was synthetized as described in [74] and was a donation from G. Garza-Ramos.
Ancestral sequence reconstruction
The term 'triosephosphate isomerase' was used to search for nucleotide coding sequences from the NCBI database. Only those sequences from eukaryotic organisms present in the phylogenetic studies of Ciccarelli et al. and Lutzoni et al. [35, 36] and available at the time were selected, resulting in a total of 44 represented taxa (see Table S1 for the detailed list). In most cases, TIM genes are unicopy, the only exceptions in the eukaryota studied in this work are plants, where the sequence of the cytosolic paralog was used and the chloroplast isoenzymes were not included, fish, where the gene that encodes for the neural isoenzyme was not considered and the parasite Giardia lamblia, where the reported expressed sequence was used. Nucleotide sequences were translated into proteins using the SE-AL v2.0 program [75] . Search for these proteins in the annotated reviewed (Swiss Prot) section of the UNIProtKB database (www.uniprot.org) showed evidence of the expression of the gene at the protein or transcript level for 75% of the sequences (Table S1 ). The initial sequence alignment was obtained using CLUSTAL-X [76] and further refined manually based on both nucleotides and amino acids with SE-AL v2.0 (Fig. S1 ). ProtTest was used to select the model for protein evolution that best described the multiple sequence alignment of amino acids [77] . The best substitution model according to AIC was LG+I+G+F (+I: invariable sites; +G: gamma-distributed rates, and +F: the observed amino acid frequencies). Except for the cases quoted above, TIM genes are typically unicopy, we therefore assumed a phylogeny of exclusively orthologous genes. The phylogenetic trees inferred by different methods using these sequences lacked statistical support in the basal branches and were not congruent with previously published phylogenetic hypotheses, therefore, since there is no evidence for horizontal transfer on enzymes of the central metabolism in the opisthokonta lineage, we preferred to use as phylogenetic hypothesis two well-supported species trees [35, 36] , assuming that they reflect the phylogeny of the genes and that sequence divergence reflects shared ancestry. A phylogenetic tree for the 44 represented taxa was retrieved manually using MACCLADE 4.0 [78] . This topology was used as backbone for ancestral character state reconstruction. Branch distances and aminoacid sequences for ancestral nodes were computed by maximum likelihood, using the codeml program included in PAML v 3.2 [79, 80] . Marginal reconstruction states for each internal node were obtained using the parameters of the LG+I+G+F substitution model. For every site in the alignment, including gaps, codeml assigns an amino acid, thus generating fuller reconstructed sequences. Each position in the reconstructed sequences was checked for the presence of a gap on the parental nodes; when this was the case, the residues were manually removed.
Protein purification
The genes coding for the selected ancestral proteins were commercially synthesized in the pBluescript II SK (À) plasmid (Epoch Life Sciences, Missouri City, TX, USA) and further subcloned in the pET28b(+) expression vector to introduce a thrombin cleavage site followed by an N-terminal 6x-His-tag. Recombinant proteins were expressed and purified as described in [32] . Purity was higher than 95% according to SDS/PAGE.
Circular dichroism spectroscopy
Ellipticity measurements were performed using a Chirascan TM spectropolarimeter (Applied Photophysics, Leatherhead, UK) equipped with a PTC-348WI Peltier-type cell holder for temperature control. CD spectra were obtained at a protein concentration of 250 lgÁmL
À1
in buffer A (10 mM Triethanolamine pH 7.6, 1 mM EDTA and 1 mM DTT) containing 40 mM NaCl in a 0.1 cm path length quartz cuvette. For thermal unfolding experiments, the change in the CD signal intensity at 222 nm was followed with a thermocouple placed inside the cell. Temperature was increased from 20°C to 90°C at a 1°CÁmin À1 rate. Raw ellipticity vs T data were normalized to unfolded fraction (f D ) according to Eqn (1). The apparent melting temperatures (T m , midpoint of transition) were obtained from a Boltzman fit (Eqn 2) to normalized data:
The program CDNN from Applied Photophysics was used for CD spectra deconvolution [81] .
Fluorescence spectroscopy
Fluorescence emission spectra were recorded between 310 and 450 nm using an ISS PC1 spectrofluoremeter (ISS Inc., Champaign, IL, USA) with a 0.5 9 0.5 cm quartz cuvette at 25°C with excitation at 295 nm and a protein concentration of 50 lgÁmL À1 in buffer A. The cell holder was thermally controlled using a Quantum Northwest Peltier (Quantum Northwest, Inc., Liberty Lake, WA, USA).
Differential scanning calorimetry
Differential scanning calorimetry experiments were done in a VP-Capillary DSC system (Malvern Instruments, Malvern, Worcestershire, UK). Protein concentration varied from 20 to 100 lM, and scan rates from 0.5 to 3.0 KÁmin À1 .
Protein solutions were prepared by exhaustive dialysis in the reference buffer (10 mM TEA, 100 mM NaCl, pH 7.6, buffer B) and then degassed at room temperature. Bufferbuffer traces were subtracted from sample endotherms. For all proteins, a reheating run was carried out to determine the reversibility of the process. To verify that irreversibility was not the result of a too high final scanning temperature, first scans were also performed heating near the T m . The ORIGIN software package included in the instrument (OriginLab Corporation, Northampton, MA, USA) was used for data analysis and calculation of unfolding enthalpies. Calorimetric enthalpies (DH cal ) were determined from the area under the endotherm or with the Lumry-Eyring model for a two-state irreversible process [82] . The first-order rate constant of the process was calculated for each scanning rate in order to obtain the Arrhenius plot and calculate the activation energies (E act ).
Catalysis
Enzyme activity was measured in the direction of glyceraldehyde 3-phosphate (G3P) to DHAP. The assay system (0.7 mL) contained catalysis buffer (100 mM triethanolamine, 10 mM EDTA, 1 mM DTT), 0.1 mM NADH, Glycerol-3-phosphate dehydrogenase (7 lgÁmL À1 ) and 0.1-10 mM G3P. Activity was calculated from the decrease in NADH absorbance at 340 nm in a Beckman Coulter DU-7500 spectrophotometer (Beckman Coulter Inc., Brea, CA, USA) at 25°C. The reaction was started by the addition of TIM to a final concentration of 10 ngÁmL
À1
. In all cases, except for TIM63 at low substrate concentration, activity traces were linear with time. For non-linear traces, the rate obtained in the first minute was used to estimate the initial velocity. The dependence of the initial rate on the substrate concentration was analyzed according to the MichaelisMenten equation. The values for the kinetic parameters (K M , k cat ) were calculated from non-linear regressions using GRAPHPAD PRISM software (GraphPad Software Inc., San Diego, CA, USA), version 5. For dilution-dependent inactivation experiments samples were diluted in the catalysis buffer to reach the desired concentration. After incubation for 24 h at 25°C, catalytic activity was determined. Assuming a dissociation model in which the only active form is the dimer and the equilibrium is shifted toward the monomer upon dilution, data were normalized as fraction of native molecules (f N ). These f N values were fitted to the following dissociation model as determined by the apparent dissociation constant (K diss ) and the protein concentration expressed on a monomer basis (Pt).
Size-exclusion chromatography
Analytical size-exclusion chromatography was performed at room temperature using a Superdex-75 10/300 GL column (GE Healthcare, Chicago, IL, USA), calibrated with the Biorad standards (Tyroglobulin, c-globulin, Ovalbumin, Myoglobin and Vitamin B12) and equilibrated with buffer A containing 40 mM NaCl. Protein samples were loaded on the column using an € Akta basic FPLC system (GE Healthcare) at a flow rate of 1 mLÁmin
.
Isothermal titration and dissociation calorimetry
Calorimetric experiments were done with a high precision iTC 200 titration calorimeter (Microcal, GE Healthcare, Chicago, IL USA). TIM was equilibrated in the working buffer by dialysis and the solution was degassed before filling the sample cell.
For ligand binding measurements, the cell was filled with TIM at a concentration of 0.15 mM. Experiments began with a preliminary 0.1 lL (dummy) injection followed by 15 additions of 0.8 lL of PGH 10 mM with a 4-min interval between injections. To determine the heats of dilution of the inhibitor, titrations were done with buffer alone in the sample cell under identical equipment conditions. These values were subtracted from the measured heats of binding. The binding constant (K b ), the enthalpy change (DH b ) and the stoichiometry (n) were determined using the AFFINIME-TER software (https://www.affinimeter.com/) by nonlinear fitting of the normalized titration data based on an identical and independent binding sites model coupled to dimerization:
The model represents a dimer with two identical independent sites, where binding of the substrate is coupled to association. M: monomer; M 2 : dimer; L: ligand. The estimation of DH b at different temperatures was done with the experimentally obtained DH b at 25°C and the DCp b reported in [52] .
Triosephosphate isomerase self-association parameters were determined by measuring the dilution-induced dissociation of the dimer. For IDC, TIM concentration in the syringe was between 0. 35 
the curves were fitted to:
where q i is the heat evolved in injection i, V i the volume added in each injection, P 2 the concentration of the dimer in the syringe (syr), V 0 the volume of the cell, DH diss the dissociation enthalpy and K dis the dissociation constant. DG diss and DS diss were calculated from basic thermodynamic relationships.
Crystallization and data collection
The hanging-drop vapor diffusion method was used to screen the crystallization conditions contained in the HR Crystal Screen I and II kits (Hampton Research, Aliso Viejo, CA, USA). Crystals were obtained at 18°C after incubating drops of protein with the precipitant solutions in a 1 : 1 ratio. Crystals of TIM63 were grown in the presence of 10 mM PGH using 0.1 M HEPES, 20% PEG 10 000, pH 7.0 as the crystallization solution. Diffraction data were collected at 100 K with an oscillation of 0.5°p er frame, on an R-AXIS IV++ image plate detector (Rigaku, The Woodlands, TX, USA) using X-rays (wavelength: 1.5418 A) from a Rigaku MicroMax-007 HF rotating anode generator (Rigaku). All data sets were indexed and integrated using XDS [83] and scaled with SCALA in the CCP4 program suite v.6.1.2.101 [84] .
Structure determination and refinement
Cell-content analysis indicated the presence of a dimer in the asymmetric unit, with a Matthews coefficient of 2.31 A 3 ÁDa À1 . Molecular replacement was performed using PHASER [85] in the PHENIX software suite with Tenebrio molitor TIM (PDB ID 2I9E) as the starting model. Since electron density for loop ab2 (residues 52-58) was poor, this region was constructed manually using COOT [86] . The structure was refined with PHENIX.REFINE [87] and the models were improved by model rebuilding iterations in COOT to final R work and R free values of 16% and 20%, respectively. The final tridimensional structure was validated with MOLPROBITY [88] and using the Protein Data Bank (PDB) validation server [18] . The coordinates and structure factors of TIM63 have been deposited in the PDB under the accession code 6NEE. Table S2 summarizes data collection and refinement statistics. The figures were produced using the PYMOL MOLECULAR GRAPHICS SYSTEM, v1.7.2 (Schr€ odinger LLC, New York, NY, USA).
Sequence and structure analysis
Sequence identity percentage was calculated with SIAS server (http://imed.med.ucm.es/Tools/sias.html) [89] . Structural alignments were performed using UCSF CHIMERA [90] and PYMOL software. The assignment and composition of secondary structure elements were determined with STRIDE [91] . Changes in ASA upon dissociation (ΔASAdiss) were calculated for rigid-body dissociation, i.e., as the difference in accessible area between the dimer and the individual monomers; crystallographic coordinates for both were obtained from the PDB files of the native dimers or our ancestral structure. ΔASA for monomer unfolding was estimated by calculating the difference between the isolated monomer and the unfolded state, the latter was simulated using the ProtSA online server (http://webapps.bifi.es/protsa) [92, 93] . ASA calculations were performed with the NACCESS software [94] using a probe radius of 1.5 A. The relation between enthalpy changes and apolar and polar ΔASA (ΔASAap and ΔASApol, respectively) and/or number of residues (Nres) was estimated as in [65] .
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